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ABSTRACT 

We propose a chemical and dynamical process to explain the surface colors of the Kuiper belt. In 
our hypothesis, the initial bulk compositions of the bodies themselves can be quite diverse - as is 
seen in comets - but the early surface compositions are set by volatile evaporation after the objects 
are formed. Strong gradients in surface composition, coupled with UV and particle irradiation, lead 
to the surface colors that are seen today. The objects formed in the inner part of the primordial 
belt retain only H2O and CO2 as the major ice species on their surfaces. Irradiation of these species 
plausibly results in the dark neutrally colored centaurs and KBOs. Object formed further in the disk 
retain CH 3 OH, which has been shown to lead to brighter redder surfaces after irradiation, as seen in 
the brighter redder centaurs and KBOs. Objects formed at the current location of the cold classical 
Kuiper belt uniquely retain NH3, which has been shown to affect irradiation chemistry and could 
plausibly lead to the unique colors of these objects. We propose observational and experimental tests 
of this hypothesis. 

Subject headings: solar system: Kuiper belt — solar system: formation — astrochemistry 
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1. INTRODUCTION 

Nearly twenty years after the realization that the re- 
gion beyond Neptune is a depository for vast num- 
bers of objects, one of the first discoveries about 
the physical properties of these Kuiper belt objects 
(KBOs) - that they span a wider range of colors 
than most o ther solar system p o pulations - remains 
unexplained dJewitt fc Luul Il998t iLuu fc Jewittl 119961 : 
iDoressoundiram et al.l 120081) . The surfaces of KBOs 
range from those which are neutrally reflecting - and 
thus appear to have essentially solar colors - to some 
of the reddest objects known in the solar system. 
The full range of colors is mixed at what appears to 
be nearly random through out the outer solar system 
(|Morbidelli fc Brownl 120051) . E arly hypotheses of r an- 
domized collisional excavation (ILuu fc Jewittl 1 19961) or 
velocity dependent impact resurfacing (|Sternll2002D have 
proven i ncapable of reproducing the f eatures of the obser- 
vations (|Doressoundiram et al.ll2008f ) , yet no alternatives 
have been proposed. 

We propose a chemically and dynamically plausible hy- 
pothesis where the surface compositions and thus colors 
of KBOs and their progeny are set by formation-location 
dependent volatile loss in the early solar system. In the 
next section we present the observational constraints on 
KBO colors. Next we detail the volatile-loss gradient 
hypothesis , and finally, we present predictions for this 
hypothesis. 
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2. OBSERVATIONAL CONSTRAINTS 

While the causes of color variation among KBOs re- 
main unclear, key observational constraints provide im- 
portant clues for understanding the surfaces of these ob- 
jects. 

Cold classical KBOS. While most of the Kuiper 
belt appears to be composed of essentially the same 
mixture of gray to red objects (fMorbidcl li fc Brownl 
l2005t IDoressoundiram et al.ll2008l) one dynamical region 
stands out for its homogeneous composition. The cold 
classical Kuiper belt was first identified as a dynamically 
unique region of the Kuiper belt - a difficult-to-explain 
overabundance of low inclin ation, dynam ically cold ob- 
jects beyond about 41 AU (jBrownl 120011) . Subsequent 
observations revea led that these objects s hared a com- 
mon red coloring (|Truiillo fc Brownl 12002ft . These cold 
classical KBOs are now also know to be u nique in their 
lack of large bodies (iLevison fc Sternll200lD , their higher 
abundance of satellites ( Noll et al.l 120081) , and their dif- 
ferent size distribution (Fr aser et al.l 120 lOl) . Preliminary 
results also suggest that the cold classical KBOs have 
higher albedos than those of the remaining population 
(jBrucker et al.l I2009D . All of these properties appear 
to signify a population with a different - and perhaps 
unique - formation location or history. Explaining the 
uniformly red color of these objects is critical to any un- 
derstanding of Kuiper belt surface colors. 

Centaurs. Centaurs - former KBOs currently occupy- 
ing short-lived giant planet-crossing orbits - provide a 
second important constraint on KBO colors. Centaurs 
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are derived from the Kuiper belt and should start with 
the surface chemistry range inherent in that population. 

While the range of centaur colors generally covers the 
full range of colors covered by the Kuiper belt, the cen- 
taurs appear deficient in colors in the middle part of 
the range, giving t he distribution of c entaur colors a bi- 
modal appearance (jTegler et al.l [20081. This bimodality 
has been hypothesized to be due to a surface modifica- 
tion as centaurs are heated as they approach closer to 
perihelion. None of the specific models proposed, how- 
ever, is able t o fit the detailed spe ctral, albedo, and color 
observations (Schallcr ct al. 2009). 

Local conditions. The colors of scattered, resonant, 
and hot classical Kuiper belt objects (that is, everything 
except cold classical Kuiper belt objects and centaurs) 
are uncorrelated with any current dynamical parameter. 
This lack of correlation, particularly with semi-major 
axis or perihelion/aphelion distance argues strongly that 
local heating, UV ir radiation, and solar wind and cosmic 
ray bombardment l|Cooper et al.l [2003h are not respon- 
sible for the varying colors of the Kuiper belt. Local 
conditions appear to have no primary influence on the 
colors of KBOs. 

Binary KBOS. Careful measurement of the colors of 
the separate components of binary KBOs has shown a 
tight correlation over the full range of Kuiper belt colors 
(jBenecchi et al.l 12009ft . The colors of two KBOs in or- 
bit around each other are almost always nearly identical. 
This fact immediately rules out stochastic processes such 
as collisions for the causes of these Kuiper belt colors. 
Indeed, given the lack of correlation of color with local 
conditions, the nearly identical colors of binary KBOs ar- 
gues that colors are simply primordial. If binary KBOs 
were formed by early m utual capture in a quiescent disk 
(jGoldreich et al.ll2002ft . the two component would likely 
have formed in very similar locations. If, alternatively, 
binar y KBOs were formed i n an initial gravitational col- 
lapse (|Nesvornv et al.ll2010ft . the objects would of neces- 
sity have formed at the same location and of the same 
materials. 

Albedos. The albedos of KBOs are an important indi- 
cator of surface compositions. While measuring albedos 
of distant KBOs is difficult and reliable results are known 
for mainly the largest (and thus perhaps most unrepre- 
sentative) objects, closer, warmer centaurs have better 
characterized albedos. One result that appears robust is 
that the optically red centaurs have higher albedos than 
the optically blue centaurs, with the red centaur albe- 
dos clustering aroun d 4% and the blue cen taur albedos 
a much higher 11% (|Stansberrv et al.ll2006f ). 

3. THE VOLATILE-LOSS GRADIENT HYPOTHESIS 

If current Kuiper belt colors were set primarily by their 
formation location, as the similar colors of binary com- 
ponents and lack of correlation of color with current en- 
vironment suggests, the fact that KBOs of all colors are 
now present throughout the Kuiper belt strongly argues 
that substantial mixing has occurred after formation. In- 
stabi l ity models such as t he Nice model (Tsigani s et al.l 
120051 : iLevison et al.l 12008ft provide natural mechanisms 
for this mixing, as objects which formed in the closer 
and more massive primordial disk and dispersed essen- 
tially randomly throughout the regions that are now the 
Kuiper belt. 



A simplistic hypothesis, then, is that the expected 
chem ical gradients in the primordial disk (|Bergin et al.l 
|2007j ) lead to gradients in the composition of the solid 
bodies. The large sold bodies, however, will move 
differentially through the disk while gr owing, incorpo- 
ratin g materials from diverse regions (IWeidenschillind 
.1992), so the clear chemical boundries of the disk are 
unlikely to be maintained in the macroscopic bodies. 
Indeed, short period comets, derived from the Kuiper 
belt, show strong evidence fo r a chemical divers i ty (i.e . 
iBockelee-Morvan et ail 120041 iDello Russo et al.l 12009ft . 
which is unexplainable as a simple difference in formation 
location 

In light of the large variability of cometary nuclei, we 
seek a hypothesis for the colors of the KBOs in which 
sharp color divisions can occur even in the presence of 
substantial chemical variability. We consider the possi- 
bility of a surface evaporation gradient in the disk. In our 
scenario KBOs form out of a variable mix of cometary 
materials and, as they are exposed to sunlight when the 
dust and gas disk first disappear, their surfaces evolve. 
Depending on the heliocentric distance dependent ther- 
mal equilibrium temperature, different molecules will 
evaporate and be lost to space. Surfaces of objects fur- 
ther from the sun will retain more volatile molecules that 
are lost on the surfaces of objects closer to the sun. When 
a Nice-like instability occurs and the objects are scat- 
tered further from the sun, their temperatures drop and 
evaporation of the less volatile species ceases. Long term 
irradiation develops the colors currently seen on the sur- 
faces through chemical modification of whatever remains. 

To quantitatively explore this scena r io we use the 
volatile loss model of iSchaller fc Brown! ()2007f ) and ex- 
amine evaporation as a function of object size and he- 
liocentric distance. We calculate the minimum loss of 
molecular species by assuming Jeans escape - the slow- 
est possible escape mechanism - throughout the primor- 
dial disk. We calculate the size-dependent heliocentric 
distance at which all of a particular volatile should be 
depleted (Fig. 1). 

Because of the exponential nature of Jeans escape, 
most specific model parameters chosen have little im- 
pact on the final result, but for concreteness we describe 
them here. We chose all parameters to be within the 
range of plausible values. Objects are assumed to have 
densities of 1.5 g cm -3 , albedos are chosen to represent 
initially frosty objects and are identical to Pluto, starting 
compositions are those measu red in the Halc-Bopp coma 
(|Bockelee-Morvan et al.l2004ft , with inert rock to give the 
correct final density Even order-of-magnitude variations 
in the abundances do not change the conclusions below. 
We consider all species with measured abundances rel- 
ative to water of 0.5% and higher, with the exception 
of H2CO, for which no accurate laboratory data on the 
vapor pressure over the solid exists. All other vapor pres- 
sure a re taken from the compilation of iFrav &; Schmitt] 
(2009). The sun during this early s tage is assum e to have 
70% of the current energy output (|Gougblll981ft . 

Two model parameters can affect the final result sub- 
stantially. First, we can either assume that the entire 
object is porous and that volatiles throughout the body 
have access to the surface and are capable of eventual 
evaporation, or we can assume that only a layer near the 
surface can evaporate. The final colors of Kuiper belt 



3 



objects depend only on the chemistry in a very small 
layer near the surface, so both types of objects would 
appear identical on the surface, but the amount of mate- 
rial that needs to be evaporated for an object to appear 
depleted differs greatly in these two scenarios. Even very 
small short period comets still appear to have volatiles 
such as CO, which would quickly evaporate in the sur- 
face layers of almost any object in the primordial Kuiper 
belt (|Bockelee-Morvan et al.ll2004l ). We thus assume that 
evaporation is only a surficial process and we set the 
depth required to deplete the surface to 100 m. Chang- 
ing this depth by orders of magnitude in either direction 
does not qualitatively change the conclusions below. 

The second important assumption is the length of time 
that passes from when the disk dissipates and the ob- 
jects are exposed to sunlight to when the objects arc 
scattered to their more distant locations. In the canon- 
ical Nice model, the scattering by the planetary insta- 
bility is the cause of the Late Heavy Bom bardment 650 
Myr after the formation of the solar system (jGomes et al.l 
200$, so the primordial objects spend a long period of 
time closer to the sun. Such a long period is not a re- 
quirement of an instability model, however, so the actual 
time remains unconstrained. Regardless of the exposure 
time, an irradiated c rust can develop much more quickly 
(|Hudson et al.ll2008h . so additional exposure time can no 
longer affect colors. We set our exposure time to be 10 
Myr, but, again, values differing by an order of magni- 
tude in either direction do not qualitatively change the 
conclusions below. 

For a wide range of assumptions, evaporation in the 
early Kuiper belt behaves as shown in Figure 1. Water 
ice is involatile at all distances and CO2 and H2S are 
involatile throughout the Kuiper belt. Objects residing 
in the outer parts of the Kuiper belt retain CH3OH, then 
C2H2, C2H6, and HCN over a small range of distances. 
NH3 is retained only near the distance of the current 
cold classical Kuiper belt, and CH4, N 2 , and CO are 
depleted on surface layers throughout the Kuiper belt 
except for the largest objects. For the specific parameters 
chosen, the evaporation line of CH3OH appears near 20 
AU, which would be in the middle of the primordial disk 
of KBOs. 

4. SURFACE COLORS 

Experiments on ice irradiation in the outer solar sys- 
tem have primarily focused on specific chemical path- 
ways and species r ather than less precise coloration 
(jHudson et al.l I2008D , nonetheless some trends appear 
clear. 

Objects that form between the inner edge of the pri- 
mordial Kuiper belt and approximately 20 AU will have 
temperatures sufficiently high that the only major ices 
that remain on the surface are H2O, CO2, and (with a 
much smaller abundance) H2S. No specific experiments 
have been done on the coloration or albedo of such a mix- 
ture after irradiation, but irradiation of H2O, CO2 mix- 
tures is known to p roduce carbonic ac i d and more com- 
plex hydrocarbons (jMoore et alJ 119911 [Dclitsky fc Land 
1998). Irradiation of such hydrocarbons then leads to 
the loss of hydrogen, the production of larger carbon 
chains, and the eventual carbonization of the surface. 
The final prod uct is a dark neutrally colored spectrally 
bland surface (|Andronico et alj|l987t iMoroz et al1l2004t 
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Fig. 1. — Evaporation gradients on surfaces in the early solar sys- 
tem. Objects to the right of the lines have that molecular species 
depleted from a 100 m layer in 10 Myr Changing the size of the 
depleted region or the depletion time scale by an order of magni- 
tude only moves the locations of the curves by approximately an 
AU. The shaded regions show the formation regions of the three 
main surface types of Kuiper belt objects. In the inner part of 
the Kuiper belt, only H2O and CO2 survive on the surface. Ir- 
radiation of these molecules causes a dark neutral surface. In the 
middle part of the primordial Kuiper belt CH3OH is retained on 
the surface, leading to higher albedo redder surfaces. In the region 
of the current cold classical Kuiper belt, NH3 is retained, leading 
to the unique surface characteristics of these objects. 



iPalumbo et all 120041) . Irradiation of a H 2 0, C0 2 mix 
has been sp eculated to be a cau se of the very dark crust 
of Callisto (|McCord et al1[l99l . 

Such surfaces describe the dark neutrally colored cen- 
taurs well. In addition, with the exception of some of the 
larger water ice rich KBOs, the neutra l KBOs have low 
albed os similar to those of the centaurs (|Stansberrv et al.l 
2006). We propose that the objects that are now the 
neutral-colored KBOs were formed in the inner part of 
the primordial disk and scattered into the current Kuiper 
belt. When they scatter inward to become centaurs their 
temperatures do not increase markedly beyond those 
that were experiences at formation, so surfaces do not 
evolve significantly. 

Beyond approximately 20 AU, several major hydrocar- 
bon species can remain on the surface. The most abun- 
dant of these is methanol. A Raman study of residues 
remaining after methanol irradiation showed that the 
methanol residue is surpri singly lacking in the signa- 
ture of amorphous ca rbon (Fcr ini et al J 120041 ). Indeed, 
iBrunetto et al.l (|2006| ) have shown that methanol, when 
irradia ted to dosages exp ected for solar system aged 
KBOs ([Cooper et al.ll2003h . does not turn dark and neu- 
tral but instead retains higher albedos and redder col- 
ors. The colors and albedos are similar to those seen 
in the red centaurs and likely also the medium-size red 
KBOS. Methanol, intriguingly, is also the only involatile 
molecule other than wa ter identifie d either on a centau r 
(jCruikshank et al.lll998| ) or a KBO (|Barucci et al.ll2006f ). 
We propose that the presence of methanol on the primor- 
dial surface of a KBO allows that KBO to maintain a 
higher albedo redder irradiation crust. It is possible - in- 
deed likely - that that the C 2 H 6 and the C 2 H 2 and HCN 
evaporation lines, which are just beyond the methanol 
line effect colors also. We thus expect the red objects to 
exhibit a wider range of colors than the more uniform 
neutral objects. These red objects, when scattered into 
the centaur region, also need not evolve significantly, as 
the red irradiation mantle is stable to higher temperature 
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than pure methanol. 

The neutral and red KBOs scatter throughout the 
outer solar system, and in the classical Nice model they 
are r esponsible for popu lating the cold classical Kuiper 
belt (jLevison et al.l [20081) . Such a formation is inconsis- 
tent with the observation that the cold classical objects 
are composed purely of red objects and have other unique 
characteristics. Recently, however, Batygin et al. (2011) 
have shown that the cold classical belt need not have 
been emplaced during the Nice instability but rather 
could have survived if formed in place. Objects formed 
beyond 35 AU would have been at all times beyond the 
ammonia evaporation line; No laboratory experiments 
have tested whether the addition of ammonia will have a 
significant effect on coloration after irradiation, but am- 
monia has been shown to block som e types of irradiation 
chemistry (jHudson &: Moorell2001[ ). which could possibly 
affect coloration. Ammonia is the only major species to 
have an evaporation line outside of the expected primor- 
dial Kuiper belt but inside of the current cold classical 
Kuiper belt. We thus propose that the addition of am- 
monia is the cause of the unique colors and high albedos 
of the cold classical KBOs. 

In our scenario, little evolution occurs as KBOs move 
into the centaur region. The non-cold classical KBOs 
should, then, have an identical color distribution as the 
centaurs. We examine whether the upda t ed gr ound 
based color databas43 of lHainaut fc Delsantil (j2002) sup- 
ports this implication. We select all objects with high 
quality color measurements (color gradient errors un- 
der 10%) and absolute magnitudes between H = 6 and 
H = 9 (where measurements exist of both KBOs and 
centaurs, so size- related effects are minimized). We fur- 
ther separate those into the 19 with perihelion inside of 
20 AU, to represent centaurs which could have thermally 
evolved and all 83 non-cold classical objects with per- 
ihelion greater than 30 AU, to represent an unevolved 
population. Histograms of these color distributions are 
show in Figure 2. The distributions do not appear to 
be significantly different. Indeed, a K-S test shows that 
the two populations are distinguishable only at the 48% 
confidence level, or, to state the result clearly, there is 
no evidence from the ground-based data that the cen- 
taur and the non-cold classical KBO colors are drawn 
from different populations. While this result sounds sur- 
prising given the long history of comparison of colors of 
centa urs and KBOs (reviewed in iDorcssound iram et al.l 
2008), this is the first test of this specific subpopula- 
tion. The fact that these two populations are currently 
indistinguishable does not mean, of course, that they are 
identical. Further color observations will be crucial to 
further test this prediction. 

5. DISCUSSION 

We propose that evaporation of volatiles and subse- 
quent irradiation of the remaining ices are the basis for 
the diverse colors of the Kuiper belt. The existence of 
three major zones of volatile evaporation in the primor- 
dial Kuiper belt gives rise to three major types of surface 
compositions. Laboratory experiments, when available, 
support the correlation of the colors and albedo with the 
specific volatiles expected to be retained on the surface. 

1 Compiled at http://www.eso.org/~ohainaut/MBOSS 
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Fig. 2. — A comparison between the visible colors of centaurs 
(thick lines) and of similarly-sized non-cold classical KBOs (thin 
lines). A K-S test cannot distinguish any difference between these 
populations. While this statistical lack of difference is intriguing, 
more color data are needed - particularly of centaurs in this size 
range — in order to determine if the distributions are truly identical. 

The hypothesis advanced here is necessarily non- 
unique. While the key physical process of evaporation 
of volatiles is inevitable, the interaction between the sur- 
face, the subsurface, the atmosphere, and space is suffi- 
ciently complex and unknown that more detailed mod- 
eling would give little additional insight. The few di- 
rect observational tests of this model test, at best, as- 
pects only peripherally related, nonetheless, we predict: 
(1) Precision photometric observations will continue to 
show that the non-cold classical KBOs form two broad 
color groupings consistent with the centaurs of similar 
size; (2) With the exception of large KBOs and Haumea 
family members, all neutrally colored KBOs are similar 
in surface ice composition and will have the low albedos 
of the neutral centaurs; high precision albedo measure- 
ments may additionally show the small expected system- 
atic albedo variation due to mixing with a non-ice compo- 
nent; (3) red KBOs will show slightly greater variability, 
but, with the exception of the largest objects, they will 
also not show a large range of albedos, but will have the 
elevated albedos of the red centaurs. 

In lieu of powerful observational or theoretical tests, we 
expect that laboratory experiments will be the most use- 
ful for supporting or refuting this hypothesis. The stud- 
ies used to suggest the chemical and color behavior here 
have been performed in a wide variety of laboratories 
concentrating on diverse subjects. For the hypothesis to 
be supported, a systematic laboratory study would have 
to show the following effects: (1) Water - carbon dioxide 
(and, possible H2S) ice mixtures must carbonize to form 
a neutrally-colored low albedo surface when irradiated 
at the appropriate level; (2) the addition of methanol 
to the ice mix must allow the irradiation product to re- 
main red and have a higher albedo; and (3) the addition 
of ammonia to the mix must reproduce the unique col- 
ors and albedos of the cold classical Kuiper belt objects. 
While all of these possibilities are supported by the cur- 
rent laboratory data, only experimental verification will 
allow support or refutation of this hypothesis for explain- 
ing the colors of objects in the Kuiper belt. 

This research has been supported by grant 
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